Copper was deposited onto silicon rotating-disk electrodes in 3.0 M HF to determine the effects of boundary-layer mass transfer and surface reaction kinetics on Cu deposition rates. For all solution compositions tested ͓͑CuSO 4 ͔ = 0.0010 − 0.020 M, ͓HF͔ = 3.0 M͒, the Cu deposition rate was proportional to the concentration of Cu 2+ and was under mixed diffusion and surface kinetic control. HF was used to dissolve oxidized Si, and a stoichiometry of one Cu atom deposited for each Si atom that is oxidized and dissolved was deduced from a combination of UV-visible 
In galvanic displacement, Cu 2+ ions are reduced and deposited onto Si substrates with electrons provided by oxidation and dissolution of Si. This method is commonly used to deposit Cu because of its favorable reduction potential ͓E o = 0.34 V vs a normal hydrogen reference electrode ͑NHE͔͒ 1, 2 Cu 2+ + 2e − → Cu ͓1͔
Previous studies of Cu deposition onto Si in stagnant solutions concluded that Cu 2+ diffusion through the mass-transfer boundary layer limits film growth, 3, 4 but this has not been tested under other hydrodynamic conditions. Rotating disk electrodes ͑RDEs͒ have been used previously to separate the effects of mass transfer from surface reaction kinetics for galvanic displacement on metals such as Ni and Zn, 5, 6 but not for Si substrates. Here, Cu is deposited on Si RDEs to measure the effects of mass transfer and chemical reaction rates on the dynamics of Cu deposition.
Si can dissolve as either Si 2+ or Si 4+ , depending on the concentration of fluoride species and on the oxidation rate. 7 Si is first oxidized to Si 2+ , which remains on the surface and reacts further by one of two parallel pathways. In the first, Si 2+ is dissolved by fluoride species, followed by further oxidation in solution 8, 9 Si 2+ + 2F − → SiF 2 ͓2͔ 
͓5͔
The valence of the solvated species is thus determined by the relative rates of oxidation and dissolution of surface Si 2+ species; Si 2+ dissolution is favored when dissolution ͑Eq. 2͒ is more rapid than oxidation ͑Eq. 4͒. This occurs in more concentrated HF solutions and when oxidation rates are relatively low. 8 The surface structure of Si is strongly affected by the mode of dissolution. Porous silicon forms during divalent dissolution, while a smooth electropolished surface forms during tetravalent dissolution. 7, 8, 10 Si 4+ dissolution has been proposed for galvanic displacement of Cu on Si in previous studies.
11 -13 The few quantitative measurements of Si dissolution rates during galvanic displacement, however, suggest that Si 2+ dissolution is the prevalent Si oxidation pathway. 14, 15 Si 2+ dissolution has been proposed for Ni deposition onto Si, without direct evidence. 16 In this study, UV-visible spectroscopy is used to measure Si dissolution rates during galvanic displacement and identify the dominant Si dissolution pathway.
Open-circuit potential ͑OCP͒ measurements can be used to identify rate-limiting elementary processes in each half-reaction during galvanic displacement. 17 At this potential, sometimes denoted as the mixed potential, electrons are consumed in the reduction halfreaction at the same rate as they are formed in the oxidation half-reaction. 18 OCP transients have been measured during galvanic deposition of Cu on rotating Zn and Al disks, 6, 19 as well as on Si in stagnant solutions. [20] [21] [22] These measurements allowed sensitive detection of changes in reaction conditions, but they were not used to quantitatively assess the deposition mechanism. Here, we use mixed-potential theory to interpret OCP measurements in terms of the proposed deposition mechanism.
Experimental
Single-crystalline p-type Si͑100͒ wafers ͑resistivity = 10-20 ⍀ cm; Wafernet, Inc.͒ were used as substrates for Cu deposition. Wafers were cleaned by sonication ͑Fisher FS-28, 43 kHz͒ in acetone ͑Fisher, 99.5%͒ for 600 s and then rinsed with deionized water ͑ϳ18 M⍀ cm͒ and dried in N 2 flow. Residual adsorbed organic impurities were removed by reactions with ozone under ultraviolet irradiation ͑254 nm, 0.028 W cm −2 ͒ for 600 s ͑UVO cleaner model 42; Jelight Company, Inc.͒. Oxide films were then dissolved in 6 M HF ͑EMD Chemicals, 48%͒ for 120 s. Si wafers were cut into smaller chips, and the back surface of each was scratched with a diamond point and coated with colloidal Ag ͑60% Ag in 1-methoxy-2-propanol; Ted Pella, Inc.͒ to ensure electrical contact for OCP measurements. Ag coatings were allowed to stand for at least 0.5 h to dry before deposition experiments.
Si chips were attached to the end of the rotating shaft of an analytical rotator ͑model A5R2, Pine Instruments͒ for Cu deposition experiments. Angular velocities were varied between 20 and 250 rad s −1 ͑ϳ200-2500 rpm͒ and deposition times between 10 and 1800 s. Aqueous HF ͑3.0 M͒ and CuSO 4 ·5H 2 O ͑0.0010-0.020 M, Fisher, 99.3%͒ solutions were used. Solutions were sparged with N 2 ͑Matheson Tri Gas, 99.999%, 10 2 cm 3 s −1 ͒ for 300 s before deposition and kept under a N 2 blanket during deposition. After deposition, the films were rinsed with deionized water for ϳ60 s and dried in flowing N 2 . In contrast with some earlier reports, 21, 23, 24 deposition rates were not strongly affected by illumination, and all experiments reported below were performed in ambient light and room temperature. OCP values were measured with a high-impedance voltmeter ͑Keithley 2400 SourceMeter͒ using Hg/Hg 2 SO 4 ͑REF621, Radiometer Analytical͒ as the reference electrode. Data were recorded using LabTracer 2.0 software at sampling rates of 14 Hz.
Atomic force microscopy ͑AFM͒ measurements were performed with a Digital Instruments MultiMode III system using tapping mode. Film thicknesses were measured by scratching Cu films with Teflon tweezers to expose the underlying Si and imaging the resulting step using 25 m scans. High ratios of solution volume to Si surface area ͑100 cm 3 solution, 1 cm 2 Si area͒ were used in these experiments to maintain Cu 2+ concentrations nearly constant during film growth. Optical microscopy was performed using a Mitutoyo Finescope at 20ϫ magnification, and images were recorded using a charge-coupled device camera ͑Sony SSC-C370͒.
In separate experiments, Cu deposition rates were measured from UV-visible spectra ͑Cary 400 Spectrometer͒ of the solutions. The masses of Cu deposited and Si dissolved were also measured directly for the samples used in UV-visible experiments. First, the Si mass was measured ͑±0.1 mg͒ using an analytical balance ͑model A-250, Denver Instrument Company͒. After deposition, the sample was rinsed, dried, and weighed again. The Cu film was then dissolved in 1 M HNO 3 ͑Fisher, 69.5%͒ for 60 s and the Cu-free Si sample was weighed again. The amount of Si dissolved during galvanic displacement equaled the difference between this final mass and the initial mass. The mass of Cu deposited equaled the difference in mass before and after dissolving the Cu film. These results agreed with those determined from UV-visible spectra to within 20%.
Si wafers with silicon carbide ͑SiC͒ features were also used to determine the rates of Cu deposition and Si dissolution. 26, 27 SiC features ͑ϳ80 nm above the initial Si surface͒ serve as reference heights, because no dissolution or deposition occurs on these surfaces. The height differences between Si and SiC were first measured at 10-15 locations on the sample. These measurements were repeated at the same locations following Cu deposition, and again after Cu dissolution in HNO 3 , as in the mass measurements described above.
Results and Discussion

Effect of Cu
2ϩ mass transfer and concentration on Cu deposition rates.- Figure 1 depicts the effects of CuSO 4 concentration and deposition time on Cu film thicknesses determined by AFM. Film thicknesses increase linearly with increasing deposition time for all CuSO 4 concentrations up to film thicknesses of ϳ150 nm. Deposition rates then decrease from these constant values for thicker films, as discussed later. Initial Cu deposition rates, represented by the slopes of the solid lines in Fig. 1 , are first-order in CuSO 4 concentration ͑Table I͒, as was also reported previously. 3, 4 The apparent rate constant found here ͑ϳ2.7 ϫ 10 −3 cm s −1 ͒ is nearly an order of magnitude greater than the apparent rate constant of 6 ϫ 10 −4 cm s −1 found previously for deposition onto Si wafers attached to the side of a rotating impeller, 15 demonstrating the influence of mass transfer on Cu deposition rates.
RDEs allow mass-transfer effects to be assessed quantitatively, because mass-transfer coefficients can be controlled by varying the electrode rotation speed
where is the solution kinematic viscosity, D Cu is the Cu 2+ diffusion coefficient, and is the angular rotation rate. The apparent rate constants shown in Table I are approximately 30% lower than the mass-transfer coefficients calculated for 50 s −1 rotation rates using Eq. 6 and assuming D Cu = 7.2 ϫ 10 −6 cm 2 s −1 . 29, 30 This suggests that Cu deposition is under mixed control, with both mass transfer and surface reaction kinetics affecting deposition rates. This is supported by the results in Fig. 2 , which show that deposition rates increase with increasing rotation rate but are not proportional to 1/2 , as would be expected if Cu 2+ diffusion were the only ratelimiting step. Deposition rates approach mass-transfer-limited rates ͑dashed lines in Fig. 2͒ at low rotation speeds, when the masstransfer resistance becomes more significant. This is consistent with previous results, which proposed that deposition rates were limited by mass transfer in stagnant solutions. 4, 14, 31 Cu:Si atomic ratio and Si dissolution mechanism.-The reaction mechanism for Si oxidation and dissolution was probed by analyzing the relative rates of Cu deposition and Si dissolution. Dissolution of Si as Si 2+ ͑Eq. 2 and 3͒ deposits one Cu atom for each atom of Si dissolved, while dissolution of Si as Si 4+ ͑Eq. 4 and 5͒ results in a Cu:Si ratio of 2. The rates of Cu deposition and Si dissolution determined from UV-visible spectra were approximately equal for a solution initially containing 3.0 M HF and 0.0025 M CuSO 4 ͑Fig. 3a͒. The Cu:Si atomic ratio was 1.1 ± 0.2, independent of deposition time ͑Fig. 3b͒. This ratio is consistent with Cu:Si ratios determined from weight measurements and from height measurements on Si wafers patterned with SiC, which produced Cu:Si atomic ratios of 1.1 ± 0.4 and 1.2 ± 0.2, respectively. Similar Cu:Si ratios were found when CuSO 4 concentrations were varied between 0.001 and 0.02 M. Cu:Si ratios less than unity may indicate the presence of side reactions such as H + reduction, which would oxidize Si without depositing Cu, as has been observed for galvanic displacement on other substrates. 32 These results demonstrate that Si dissolves as Si 2+ via Eq. 2 and 3, and not as Si 4+ via Eq. 4 and 5. This conclusion is consistent with previous direct me asurements of Cu:Si atomic ratios 14, 15 but differs from the Cu:Si ratio of 2 that is commonly assumed.
Void fractions of Cu films were estimated by comparing deposition rates determined from AFM film thickness measurements with those determined by UV-visible spectroscopy. The film thickness is related to the moles deposited by the following expression
In Eq. 7, n Cu /A is the density of Cu on the surface ͑in mol cm −2 ͒ determined from UV-visible spectra, h Cu is the Cu film thickness ͑in cm͒ determined by AFM, Cu 33, 34 This maximum rate of Si 2+ dissolution corresponds to a Cu deposition rate of 7 ϫ 10 −7 mol cm −2 s −1 , which is more than ten times greater than the highest deposition rates measured in this study. Thus, the low Si oxidation rates in our system favor Si 2+ dissolution followed by further oxidation in solution, as given by Eq. 2 and 3. Si 2+ dissolution is also known to occur at lower potentials, while Si 4+ dissolution occurs at more positive potentials because rate of oxidation ͑Eq. 4͒ increases at higher potentials. 7 OCP values during deposition are typically between 0 and −0.2 V ͑vs NHE͒, which are much lower than those reported to form Si 4+ directly during Si oxidation and dissolution on p-type Si wafers. The transition from Si 2+ to Si 4+ dissolution occurred at Ͼ + 0.4 V in 1 M HF solutions ͑the most concentrated solution shown͒ during oxidation of either rotating 33 or stagnant 35, 36 Si samples. Thus, the low OCP values measured during galvanic displacement are also consistent with the proposal that Si dissolves as Si 2+ during galvanic displacement.
A reaction-transport model for Cu galvanic deposition onto Si films.-The data discussed above indicate Cu deposition is under mixed diffusion and surface kinetic control. The apparent order of the overall process involving mass transfer and surface reaction is unity ͑Table I͒, which suggests Cu 2+ reduction kinetics are firstorder. Previous kinetic studies have also determined this reaction to be first-order in Cu 2+ concentration, with rates increasing exponentially with decreasing potential 2,37,38
In the above expression, k Cu o is the rate constant under standard conditions ͑E = E Cu o = 0.34 V, T = 298 K, species at unit activity͒ and ␣ is the transfer coefficient. 37 F is Faraday's constant ͑96,485 C mol −1 ͒, R is the gas constant ͑8.314 J mol 
Deposition occurs at a mixed potential ͑E͒ at which Cu reduction rates ͑Eq. 10͒ and Si oxidation rates ͑Eq. 11͒ are equal. Rates of Si oxidation and Cu reduction based on Eq. 10 and 11 are shown schematically in Fig. 4 . Si oxidation rates increase exponentially with increasing potential and are not limited by diffusion at the rates considered here because of the large excess of HF to Cu 2ϩ ͑Ͼ100:1͒. 33, 39 Cu reduction rates increase as the potential decreases before reaching diffusion-limited plateaus. Increasing the driving force for reduction by increasing either the Cu 2+ concentration or the rotation speed causes the intersection of Cu and Si rates to occur at more positive potentials, as shown in Fig. 4 . This increase in mixed potentials occurs for any conditions that increase reduction rates relative to oxidation rates. Conversely, OCP values decrease if the driving force for oxidation increases relative to that for reduction.
Previous work has shown that changes in OCP values with changing solution composition and rotation speed can be used to deduce the rate-limiting steps in each half-reaction. 17 For instance, for Cu reduction rates completely limited by surface kinetics, Eq. 8 describes the Cu 2+ reduction rate, with the bulk Cu 2+ concentration replacing the concentration at the electrode surface. The reduction rate given by this expression can then be set equal to the Si oxidation rate in Eq. 11 to give the following potential 39 OCP values calculated using these parameters effectively capture the effects of both and Cu Effects of film thickness on deposition rates.-As discussed above, deposition rates decreased when film thicknesses exceeded ϳ150 nm for all CuSO 4 concentrations ͑Fig. 1͒, and deposition rates were no longer accurately predicted by Eq. 10 and 11. OCP values measured during deposition remained nearly constant with deposition time for thin Cu films but then increased as films became thicker than 150 nm ͑Fig. 7͒. Higher OCP values reflect an increase in the driving force for reduction relative to that for oxidation. Since these higher OCP values accompany lower deposition rates, we conclude that the driving force for Si oxidation decreased for thicker films.
The presumed products of Si oxidation ͑SiF 6 2− , H 2 ͒ were added to deposition solutions to probe whether product inhibition or thermodynamic limitations caused deposition rates to decrease for thicker films. Diffusion of these products through the Cu film becomes slower as film thicknesses increase, which may inhibit deposition by increasing the concentration of these species at the Si surface. Deposition rates were unchanged when 0.1 M H 2 SiF 6 was added to solutions containing 3.0 M HF and 0.010 M CuSO 4 ͑Fig. 8͒. This H 2 SiF 6 concentration is more than 10 times larger than the highest SiF 6 2− concentration produced during galvanic displacement. Thus, deposition rates are not inhibited by SiF 6 2− , and Si oxidation is essentially irreversible. H 2 formed via reduction of protons coupled with Si oxidation ͑Eq. 2 and 3͒ may also inhibit deposition rates, either by decreasing the driving force for oxidation or by forming bubbles that can obstruct access to the surface, as was proposed for Ni deposition on Zn. 5 Bubbling the deposition solution ͑3.0 M HF, 0.010 M CuSO 4 ͒ with H 2 ͑Praxair, 5% H 2 /95% N 2 ͒ did not influence Cu deposition rates ͑Fig. 8͒ or OCP values. This demonstrates that H 2 bubbles trapped within Cu films do not cause deposition rates to decrease for thick films, and processes other than product inhibition must be responsible for these rate decreases.
Deposition rates decreased at similar values of film thickness for all CuSO 4 concentrations, rotation speeds, and deposition rates, which suggests that changes in mechanical or structural properties of the film itself may cause deposition rates to decrease. This hypothesis was tested by using optical microscopy to monitor changes in the structure of Cu films during deposition, specifically for film thicknesses exceeding 150 nm. Cu was deposited from stagnant solutions using the experimental setup shown in Fig. 9a , which allowed simultaneous monitoring of OCP values and Cu surface structure. OCP values in a stagnant solution of 3.0 M HF and 0.010 M CuSO 4 were nearly constant at −0.14 V vs NHE initially, then abruptly increased after ϳ500 s ͑Fig. 9b͒. This OCP value at short deposition times is lower than those measured on rotating Si samples ͑Fig. 5͒, consistent with the lower mass-transfer rates in stagnant solutions. The Cu film thickness is ϳ150 nm when the OCP increases abruptly ͑Fig. 9b͒; this is similar to the thickness at which OCP values increase and deposition rates decrease for rotating Si samples ͑Fig. 7͒. Optical micrographs of the Cu surface show 
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Journal of The Electrochemical Society, 155 ͑3͒ D244-D250 ͑2008͒ D248 that bulges appeared on the Cu film at the same time as the OCP values increased ͑Fig. 10͒, suggesting this structural transformation contributes to the observed OCP shift. Optical micrographs of Cu films following deposition on Si RDEs also revealed bulges on the Cu surface for films thicker than 150 nm. This indicates that the buckling observed in Fig. 10 is not an artifact of the different deposition conditions ͑Fig. 9a͒, and the conclusions drawn from film growth in stagnant solutions can be applied to deposition on RDEs.
The buckling observed for thick Cu films ͑Fig. 10c and d͒ is likely a response to internal stress within the film. This buckling is similar to delamination that occurred previously for 200 nm Cu films subjected to compressive stress. 40 Compressive stress has been observed previously in Cu films deposited onto Si by electroless deposition. 41 The stresses in these films were relatively low and films did not buckle, perhaps because ethylenediaminetetraacetic acid ͑EDTA͒ present in solution chelates Cu 2+ ions and improves film properties. 42 EDTA is not compatible with the acidic solutions used in this work, but improved film properties have been reported for Cu galvanic displacement in neutral NH 4 F solutions, where NH 3 can stabilize Cu 2+ in solution. 43, 44 The effect of these interactions on Cu film properties is a topic for future work.
The detachment of Cu films from the Si substrates decreases deposition rates by decreasing the effective contact area for electron transfer between Cu and Si. Specifically, Cu deposition and Si dissolution rates are expected to decrease in regions where Cu has detached from the Si substrate. This hypothesis was tested by probing the spatial coherence of the Cu deposited and the Si removed using atomic force and optical microscopy of the Cu surface and the underlying Si. An optical micrograph of a region from which Cu was partially removed by abrasion with Teflon tweezers is shown in Fig. 11 . The Cu film ͑on the right side of the image͒ is rougher near the top of the image than near the bottom. The smoother area near the bottom of the image corresponds to a position where Cu buckled and detached from the Si surface during deposition. The Si surface is also rougher near the top of the image, suggesting more dissolution in this region than at the bottom, where Cu detached. AFM scans confirm that Si dissolution is faster in the rough region, where the average height is ϳ20 nm lower than the height of the smoother region. The boundary separating rough and smooth Si in Fig. 11 coincides exactly with the boundary between rough and smooth Cu, 
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indicating the effect of Cu detachment on Si dissolution rates. Cu detachment occurs in the smoother region, and Si dissolution rates decreased upon detachment of the Cu film, demonstrating the importance of local contact between Cu and Si for galvanic displacement. Buckling in Cu films also decreases the adhesion of thick films, which sometimes delaminate from the Si substrate during drying in N 2 , without any mechanical abrasion. Previous studies have also detected poor adhesion and high internal stresses for thick films during Cu deposition on Si. 45 Thus, controlling film stress is critical to improving the properties of Cu films deposited onto Si using galvanic displacement.
Conclusions
Cu was deposited onto Si RDEs to determine the effects of mass transfer and reaction kinetics on galvanic displacement rates. Cu deposition rates are found to be first-order in CuSO 4 concentration, and deposition rates are under mixed kinetic and diffusion control. Over the examined range of CuSO 4 concentration and rotation speed, the Cu:Si stoichiometry was determined to be 1:1 by three independent methods, namely, UV-visible spectroscopy of concentrations in solution, mass change during deposition, and height changes using Si patterned with SiC. These results indicate Si is dissolved as Si 2+ under the reaction conditions, not Si 4+ as is commonly assumed. Mixed-potential theory was used to accurately predict both the rate of Cu deposition and the OCP during galvanic displacement, using parameters found in the literature. This demonstrates the advantage of measuring OCP to monitor changes in ratelimiting processes in real-time. The methods used here are general and can be extended to predict the deposition rate of other metals on Si.
Deposition rates decreased when film thicknesses exceeded 150 nm for all CuSO 4 concentrations and mass-transfer rates were studied. This rate decrease was accompanied by an increase in the OCP, suggesting it is caused by a decrease in the oxidation rate. Concentration gradients of HF, SiF 6 2− , and H 2 within the Cu film were not responsible for the rate decrease. Optical and atomic force microscopy revealed Cu films buckled and partially detached from Si at the same time that OCP values increased abruptly. Si dissolution rates decreased beneath the detached Si, as the lower Cu-Si contact area slowed electron transfer from Si to Cu. Thus, film stress was found to strongly affect the film structure, Cu-Si adhesion, and the deposition rate. Figure 11 . Optical micrograph of a partially removed Cu film on Si. The Cu film on the left side of the image was removed using Teflon tweezers to expose the underlying Si surface. The smooth, lighter area of Cu toward the bottom of the image corresponds to the location where the Cu film detached from the Si surface during deposition ͑i.e., the bulges seen in Fig. 10c and d͒. ͓HF͔ = 3.0 M; ͓CuSO 4 ͔ = 0.010 M; film thickness = 300 nm.
